This study tested the impact of different adhesives and resin composite cements on shear bond strength (SBS) to polymethyl methacrylate (PMMA)-and composite-based CAD/CAM materials. SBS specimens were fabricated and divided into five main groups (n=30/group) subject to conditioning: 1. Monobond Plus/Heliobond (MH), 2. Visio.link (VL), 3. Ambarino P60 (AM), 4. exp. VP connect (VP), and 5. no conditioning-control group (CG). All cemented specimens using a. Clearfil SA Cement and b. Variolink II were stored in distilled water for 24 h at 37°C. Additionally, one half of the specimens were thermocycled for 5,000 cycles (5°C/55°C, dwell time 20 s). SBS was measured; data were analyzed using descriptive statistics, four-and one-way ANOVA, unpaired two-sample t-test and Chi 2 -test. CAD/CAM materials without additional adhesives showed no bond to resin composite cements. Highest SBS showed VL with Variolink II on composite-based material, before and after thermocycling.
INTRODUCTION
Recently computer aided design/computer aided manufacturing (CAD/CAM) techniques are becoming more frequently used for the production of tooth-coloured fixed dental prostheses (FDPs). Since polymeric blanks were introduced into the dental market, the CAD/CAMmanufacturing of temporaries has become increasingly important. Industrially prefabricated materials are polymerized by standardized methods, which improve material properties, in particular predictability and consistency. In contrast, conventional manual polymerization and processing is greatly influenced by the operator and can cause a high level of variations 1) . One study observed that CAD/CAM fabricated FDPs have a higher load-bearing capacity than those fabricated by conventional process 2) . Another study reported an increase in fracture load of CAD/CAM fabricated FDPs compared to direct restorations, tested after 3 months of water storage at 37°C and 5,000 thermal cycles 3) . Also, after aging for up to 180 days in water storage at 37°C or 1.2 million chewing cycles CAD/CAM fabricated FDPs retain better mechanical properties compared to conventionally fabricated 3-unit FDPs 4) . It is claimed that the chewing simulation of 1.2 million simulated chewing cycles corresponds to a period of 5 years in vivo 5) . Therefore, it can be assumed that polymeric CAD/ CAM materials can be used for long-term restorations. There are considerable advantages in using resin as a restorative material instead of ceramics, such as a higher mean fracture load 4) and less wear in the antagonists enamel 6) . The mechanical properties of industrially polymerized polymeric CAD/CAM blocks, allow for this material to be used for definitive restorations. Especially patients suffering from massive tooth wear like erosion and abrasion need thin non-prep dental restorations. Glass-ceramics are brittle and therefore not suitable for milling of thin-shaped margins. In contrast, polymeric materials are more elastic and provide benefits during the milling process 7) . Actually the limitation factor is the low bond strength to the material and therefore the definitive luting of the restoration. Standardized polymerization under high pressure and high temperature results in a higher degree of conversion and less residual monomer in the material. Release of residual monomer can lead to allergic reactions and mucosa irritations 8, 9) , thus lower residual concentrations of monomer are desirable. On the other hand, if a high degree of conversion is achieved, no bond to resin composite can be established without conditioning. A further study observed that air-abrasion with alumina powder of adhesively cemented CAD/CAM polymeric crowns slightly increased the tensile strength 10) . The bond strength established is however still inferior to the bond to glass ceramic.
Industrially polymerized resins are also used as denture teeth materials in removable prostheses. The standardized polymerized resins in denture teeth and bases require further conditioning to attach polymeric teeth to the base, as highly cross-linked materials result in a lower bond strength 11) . Cleaning and air-abrasion of the denture teeth leads to micro retention and results in higher bond strength to the denture bases 12) . Also, the application of additional adhesives increases the bond strength between the polymeric teeth and the denture base material 13, 14) . Creating durable bond strength between the restorative material and the tooth is crucial for the long-term reliability of a restoration and therefore its success. In general two different types of resin composite and Bogna STAWARCZYK cements exist: the conventional and the self-adhesive resin composite cements. Conventional resin composite cements require pre-treatment of the prepared tooth abutment, which is both technique-sensitive and time consuming. For this reason, self-adhesive resin composite cements have been promoted since they do not necessitate any pre-treatment of dentin or enamel 15) . Self-adhesive resin composite cements contain acid monomers, resulting in an initial lower pH value for the infiltration into the demineralised collagen network 16) . One study reported lower tensile bond strength with selfadhesive resin composite cements to polymeric crowns, but the bonding with conventional resin cements showed 0 MPa 10) . The bond strength of these resin composite cements can vary greatly. While some products have equal bond strength of self-adhesive resin cement to dentin, other products show an inferior bond to enamel 17) . Not only the bond between tooth and resin cement, but also the bond between restoration and resin composite cement determine the success of the restoration. For creating a satisfactory bond, further conditioning of the restoration material is needed 18, 19) . The present study tested the influence of different conditioning methods and different resin composite cements on the shear bond strength (SBS) to polymeric CAD/CAM materials after water storage and thermal cycling. The scientific hypothesis tested was that additionally conditioned polymeric CAD/CAM materials show higher SBS than those without conditioning, regardless of the resin composite cement used.
MATERIAL AND METHODS
This study tested the SBS of two different resin composite cements to two different polymeric CAD/CAM materials, namely PMMA-based artBloc Temp (Merz Dental, Lütjenburg, Germany) and an experimental CAD/CAM nanohybrid composite (Ivoclar Vivadent, Schaan, Liechtenstein) in combination with different methods of conditioning. The compositions and batchnumber of all tested materials are presented in Table 1 .
Before development of the study design, power analysis for the specimen size was calculated using R (R Development Core Team, The R Foundation for Statistical Computing). For calculation, the SBS data between a PMMA-based CAD/CAM material and resin composite presented in a previous study 20) was used. The aim of the calculation was to identify the impact of additional conditioning. A sample size of 15 in each group will behave 91% power to detect the increase by 100% of the mean (5.3 MPa) caused by use of additional conditioning, assuming that the common standard deviation is 3.4 MPa using two group t-test with 0.05 two-sided significance level.
Both CAD/CAM materials were cut into slices of 2 mm thickness with not less than 5×5 mm edge length and embedded in a self-cured acrylic resin (ScandiQuick, ScanDia, Hagen, Germany). All 600 specimens (n=300 per CAD/CAM material) were polished in a standard manner under water-cooling up to silicon carbide paper (SIC) P2200 (Tegramin-20, Struers, Ballerup, Denmark). Thereafter, the polished specimens were standardized air-abraded with 50 µm alumina powder (basis Quattro IS, Renfert, Hilzinger, Germany) for 10 s at a pressure of 0.1 MPa, at a 45° angle from a distance of 10 mm. The air-abraded specimens were cleaned for 5 min using an ultrasonic bath (Sonorex RK102H, Bandelin electronic Berlin, Germany) filled with 80% ethanol and then air-dried. Thereafter, each CAD/CAM material was randomly divided into five main groups for different conditioning methods using low viscosity conditioning liquids (n=60) and further divided into two subgroups of different resin cements (n=30) and two different aging stages (n=15).
The conditioning methods using different adhesive systems were as follows:
Germany) e) CG: no further conditioning; acted as control group All adhesives were applied according to manufactures instructions (Table 1) . Specimens were positioned in a special holding device, for fixation of specimen surface parallel to the ground. An acrylic cylinder with an inner diameter of 2.9 mm (DR Tec, Birmensdorf, Switzerland) was placed on the airabraded bonding surface. Corresponding to the randomized division of the specimens either the selfadhesive resin cement Clearfil SA Cement (Kuraray Medical Inc, Sakazu, Kurashiki, Okayama, Japan) or the conventional resin composite cement Variolink II (Ivoclar Vivadent AG, Schaan, Liechtenstein) was filled into the acrylic cylinder to a height of 0.5 mm (Fig. 1) . To obtain a homogeneous cement layer and a standardized load of 100 g, a hexagonal steel screw with an outer diameter of 2.8 mm was inserted along the long axis of the acrylic cylinder using a special device, to create a reproducible load. Excess cement was allowed to drain off along the screw thread and was removed accurately. Both resin composite cements were polymerized for 40 s using a LED light-curing unit (Elipar S 10, 3M ESPE, Germany). The intensity of the LED light-curing unit was measured using an analyzing device (Marc V3, BlueLight analysis Inc., Halifax, NS, USA). The LED lamp had a light intensity of 1,200 mW/cm 2 . After fabrication of the specimens, all samples were stored in distilled water for 24 h at 37°C. Subsequently, the SBS was tested with one half of the specimens. The other half was additionally aged in a thermocycling machine (Thermocycler THE-1100, SD Mechatronik, FeldkirchenWesterham, Germany) for 5,000 thermal cycles between 5°C and 55°C (dwell time: 20 s). The specimens were released in distilled water for 1 h at room temperature before SBS testing.
The SBS was tested using a Universal Testing Machine (Zwick 1445, Zwick, Ulm, Germany) at a crosshead speed of 1 mm/min (Fig. 2) . All specimens were placed in the holding device of the testing machine with the bonding surface parallel to the loading direction. Load was applied with a guillotine at the outer surface of acrylic cylinder in a distance of 300 µm to surface of the CAD/CAM material. Specimens were loaded until After testing, failure types of all specimens were assessed using reflected-light microscope (Carl Zeiss Axioskop 2 MAT, Zeiss Mikroskopie, Göttingen, Germany) and categorized. For the adhesive type, the failure occurred in the interface between CAD/CAM material and resin composite cement. For the cohesive type the failure was in the CAD/CAM material or in the resin composite cement.
The SBS were analysed using descriptive statistics such as mean and standard deviation with 95% confidence intervals (95%CI). Normality of data distribution was tested using Kolmogorov-Smirnov and Shapiro-Wilk tests. Four-and one-way ANOVA followed by a Scheffé post-hoc test were computed to determine the significant differences among the conditioning method groups. Impact of aging type, polymeric CAD/CAM material or resin cement was calculated using an unpaired two-sample t-test. Relative frequencies of failure types together with the corresponding 95%CI according to the Ciba Geigy tables 21) were provided. A Chi 2 test was used in order to discover differences in frequencies of failure types in different groups. P values smaller than 0.05 were considered to be statistically significant in all tests. All statistical tests were performed with SPSS Version 20 (SPSS INC, Chicago, IL, USA).
RESULTS
Kolmogorov-Smirnov and Shapiro-Wilk tests indicated no violation of the assumption of normality for 95% of the tested groups. Only 5% were not normally distributed (these 2 not normally distributed groups out of 40 contained no outliers) which is exactly the type I error for a statistical test. Therefore, for all statistical tests a normal distribution assumption was employed. Table  2 provides the descriptive statistics and the one-way ANOVA results among the conditioning groups within resin composite cement and CAD/CAM material. The Box-plot diagram is depicted in Figs. 3 and 4 . The fourway ANOVA interaction (CAD/CAM material versus conditioning versus resin composite cement versus aging) was significant (p<0.05). Therefore, the fixed effects of CAD/CAM material, conditioning method, resin composite cement and aging cannot be compared directly as the higher order interactions were found to be significant. Consequently, several different analyses were computed according to CAD/CAM material, conditioning method, resin composite cement and aging, depending on the study hypothesis.
Effect of the conditioning method
Neither resin cement bonded to non-conditioned PMMAand exp. nanohybrid composite-based CAD/CAM materials ( Table 2 ). Only exp. CAD/CAM composite, conditioning with AM, showed initial and aged bond to a polymeric material when cemented with Clearfil SA Cement. Regardless of the resin composite cement, VL, VP and MH showed significantly higher SBS for both CAD/CAM materials, respectively.
Effect of CAD/CAM material
The type of CAD/CAM material had an impact of the SBS values (p=0.013) ( Table 3) . Among Clearfil SA Cement, after conditioning with MH, higher initial SBS was measured on artBloc Temp. Higher SBS after aging and use of VL as well as VP was observed for exp. CAD/ CAM composite. Conditioning with AM resulted in higher initial and aged SBS for exp. CAD/CAM composite.
Within Variolink II, the initial group conditioned with VP on artBloc Temp and the aged group conditioned with MH on exp. CAD/CAM composite showed the highest SBS.
Effect of the resin composite cement
The tested resin cements showed different impact of the SBS (p<0.001) ( Table 3) . Among the artBloc Temp group, Variolink II combined with VP as well as combined with VL thermocycled, showed significantly higher SBS compared to Clearfil SA Cement (Table 3 ). In the exp. CAD/CAM composite group Variolink II presented higher SBS for MH after aging and for VL initial compared to Clearfil SA Cement. In contrast, Clearfil SA Cement combined with AM showed higher SBS initial and after aging than Variolink II.
Effect of aging
An effect of additional aging on SBS was observed (p<0.05) ( Table 4) . Conditioning with VL combined with Variolink II showed higher SBS on PMMA-based artBloc Temp, after additional aging. MH combined with both tested resin cements as well as VL with Clearfil SA Cement resulted in significantly lower SBS for artBloc Temp. Among the exp. CAD/CAM composite, the SBS in the specimens conditioned using VL and VP combined with Clearfil SA Cement, as well as MH with Variolink II, increased after aging.
Classification of failure types
For artBloc Temp groups predominantly adhesive failures between the resin cement and the CAD/CAM materials were observed. Exp. CAD/CAM composite conditioned with VL majoritarian demonstrated cohesive failures in the CAD/CAM material in both cement groups (Table 5 , Fig. 5 ). 
DISCUSSION
This study showed that additionally conditioned polymeric CAD/CAM materials exhibit higher SBS than those without conditioning regardless of the resin composite cement used, except Ambariono P60. Conditioning using Ambarino P60 showed no bonding or only very low values (Clearfill SA Cement on exp. CAD/ ↓ presented decrease of SBS after aging, ↑ presented increase of SBS after aging CAM composite). Therefore, the hypothesis of this study is only accepted for conditioning using MonobondPlus/ Heliobond, Visio.link or VP connect.
The results of this study demonstrated that without further conditioning no adhesion between only airabraded CAD/CAM materials and resin composite cements can be achieved. This indicates that micromechanical retention alone is not adequate to obtain a sufficient bond between the two materials. Furthermore, an increase of the SBS by use of low viscosity conditioning liquids could be observed. In general, the composite resin cements show a higher viscosity caused by the weight percentage of cement particles 22) . An increase in particle content results in an increase in the viscosity. As a consequence, liquids with a lower viscosity penetrate deeper in the air-abraded polymeric CAD/CAM material surface.
This investigation tested two different types of polymeric CAD/CAM materials and observed different impacts on the SBS dependent on the resin composite cement. Since PMMA-based materials are well established for use in dental restorations, many in vitro studies with concern to durability were performed [2] [3] [4] 10, 20, 23) . For this investigation two CAD/CAM materials, PMMAbased as well as nanohybrid composite were chosen.
Due to different classes of tested CAD/CAM materials, varieties in bond strength were suggested. PMMA-based artBloc Temp showed no bond with the adhesive Ambarino P60 regardless of the resin composite cement used. In contrast, exp. CAD/CAM nanohybrid composite bonded with Ambarino P60 and Clearfil SA Cement showed SBS before (2.8 MPa) and after aging (4.8 MPa); combinating with the conventional resin composite cement presented no adhesion. Ambarino P60 consists of dimethacrylate based on phosphor-and phosphon acidesters. Clearfil SA Cement comprises acid monomers such as MDP monomers combined with other dimethacrylates (Bis-GMA, TEGDMA). The combination between Ambarino P60 and Clearfill SA Cement displayed SBS to the CAD/CAM composite after aging.
In this study, SBS values after additional conditioning methods ranged between 8.9 and 25.7 MPa dependent on the type of polymeric CAD/CAM material, adhesive and resin composite cement. The bond strength of self-adhesive resin composite cement to other dental framework materials such as base metal alloy (14.3 MPa), zirconia ceramic (16.6 MPa) or lithium disilicate glass-ceramic (12 MPa) are comparable to the values measured in this study 24) . Also, a previous study reported that the bond with PMMA-based veneering resins yielded significantly higher bond strength values to polymeric CAD/CAM materials than with compositebased veneering resins 20) . However, experimental differences may influence bond strength values even when similar test methods and specimens prepared in the same way are used 25) . Therefore, comparison of the absolute bond strength values can only be drawn within the same study.
Both CAD/CAM materials conditioned with MMAbased adhesive Visio.link or VP connect and luted with acidic Clearfil SA Cement or conventional Variolink II resin composite cement are within the same bond value range of other framework materials 23) . Visio.link and exp. VP connect contain MMA monomers. Visio.link, which contains additional dimethacrylates with photoinitiators, requires light polymerization and results in an additional bonding layer. To confirm the assumption that only MMA may diffuse into highly polymerized surface of CAD/CAM materials, experimental VP connect -pure MMA liquid-was used for this study.
Artificial aging by thermocycling exhibited an effect on SBS for some of the tested adhesives combined with the two different cements. This finding is in accordance with the results of other studies 26, 27) . For artificial aging, the specimens were subjected to 5,000 thermal cycles between 5°C and 55°C. As described by Hancox 28) , thermal cycling means a repeated cycling between two different temperatures subject to an adequate dwell time to ensure the thermal adjustment of the specimens without an exposure to extreme thermal stress. The impact of the temperature changes to the SBS of the investigated CAD/CAD materials plays an important role. Several authors describe that the daily occurrence of eating, drinking 29, 30) and breathing 31) cause this intraoral thermal variation. Previous studies showed, that 6,000 loading cycles can be set in accordance to a 5 year period in vivo 32, 33) . Although in vitro thermo cycling subjects all specimens to standardized and reproducible stress, there is no systematic standard procedure for subjecting materials to cycling regimens at present. Thermal loading may act in two different ways on the materials used. On one hand, it may lead to mechanical stress on the bonding area, causing volumetric changes. As consequence, cracks can form on the luting area, caused by the different dimensional changes of the materials 34) , which results in lower values for the bond strength. On the other hand, artificial aging by thermocycling may increase bond strength values by intensifying the process of post-polymerisation between the polymeric CAD/CAM materials, adhesives and the resin composite cements 35) . Within exp. CAD/CAM nanohybrid composite, SBS increased after aging for groups Monobond/Heliobond combined with Variolink II and Viso.link/VP connect combined with Clearfil SA Cement. Also increase of SBS was observed for artBloc Temp conditioned with Visio. link cemented with Variolink II. Additionally absorption of water results in an expansion of the material, which can have an effect on the anchorage of the cement in the air-abraded polymeric CAD/CAM material. Due to the longer period of water storage while thermal cycling, the micromechanical retention of the adhesive and the composite resin cement in the roughness of the CAD/ CAM material is expected to be higher. Water absorption of different adhesive resin cements varies 36) . On exp. CAD/CAM nanohybrid composite conditioned with Visio.link predominantly cohesive failure types were observed regardless of the composite resin cement used. Therefore, it can be concluded that the bonding effectiveness of the conditioning and the cementation was higher than the fracture resistance of the CAD/CAM composite itself.
Although this in vitro study cannot replicate the intraoral conditions with all individual variations exactly, it provides some hints for the reliable bond formation of polymeric CAD/CAM materials in dentistry. The in vitro bond strength tests assess the quality of adhesion. Retention form of the preparation, marginal integrity, and clinical micro-leakage are the key parameters used to judge the effectiveness of a resin composite cement system. Once a cementing system passes the in vitro testing, a clinical trial with a controlled standardized study design should evaluate the clinical long-term performance.
CONCLUSIONS
For in this study tested polymeric CAD/CAM materials, the use of additional adhesives for conditioning is necessary. Visio.link, VP connect and Monobond/ Heliobond can be used for cementation with Clearfil SA Cement and Variolink II of polymeric CAD/CAM restorations.
